Technology for metal and inorganic compounds nanopowders production in DC arc plasma reactors has been developed. Similar DC arc plasma reactors were used for micronsized powders spheroidization. Results of experimental studies are presented. Formation of nanoparticles via different mechanisms as well as mass transfer of nanopowders to the reactor cooling surfaces are discussed. Heat flux distribution along the reactor wall and its influence on the evolution of nanoparticles in the deposited layer are investigated. Effects of plasma torch and confined jet reactor operation parameters on the granulometric, phase and chemical composition of nanopowders are discussed. Potential of the confined plasma jet apparatus for micron-sized metal and composite particles spheroidization is demonstrated. , corrosion and wear-resistant coatings, polymer composites with fillers and inorganic nanoparticle modifiers for alloys [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Introduction
Nanosized powders of elements and their inorganic compounds are the basis for development of various nanostructured materials. These materials include nanostructured functional ceramics, hard alloys with increased wear resistance and toughness, dispersion hardened and modified structural alloys with enhanced performance characteristics, nanostructured protective the power of modern DC arc plasma torches reaches 3-5 MW with a service life of up to 103 h [13, 14] , while the power of existing RF plasmatrons does not exceed 1 MW. The usage of V-shaped DC arc plasmatrons where tungsten electrodes operate in an argon inert gas medium [15] allows to minimize the presence of impurities of the electrode material in the thermal plasma flow and to ensure the production of high-purity target products. Westinghouse Plasma Corporation developed plasmatrons with a power of 300-2400 kW and thermal efficiency of 70-85%. Such devices are used in waste materials processing and metallurgical furnaces operations [14] . DC plasma torches have high energy efficiency and can be used in the realization of high-temperature processes on an industrial scale. This paper provides a review of the research in the field of nanopowders synthesis and processing (spheroidization) of micron sized powders in thermal plasma flows generated by DC arc plasma torches. The research was carried out at the Institute of Metallurgy and Materials Science (IMET RAS) in collaboration with partners over recent years.
Plasmachemical reactor
IMET RAS developed DC arc plasma torches with a nominal power of 30-150 kW with self-setting arc length and gas discharge stabilization, as well as plasmatrons with an interelectrode insert. The torches were used for the generation of thermal plasma in IMET laboratories and pilot plants. The plasma torches operated with reducing, oxidizing and inert gases and their mixtures and provided stable generation of plasma jets with an equilibrium temperature of up to 4000-8000 K (for molecular gases) and up to 12,000 K (for monatomic gases).
The torches were used for both nanopowder production processes and for spheroidization processes. Plasma synthesis of nanopowders includes a complex set of physicochemical processes occurring in turbulent gas-dispersed non-isothermal flows. At present, plasma reactors with confined jet are widely used for nanopowders production. In confined jet reactor, the plasma jet flows into the volume of the reactor, which is confined by the cooled cylindrical surface. The ratio of the torch nozzle diameter to the reactor's diameter is of the order of 10. The plasma jet can be generated by any type of plasma generator (DC arc discharge, high frequency discharge, microwave discharge). When a plasma jet outflows from plasma torch into reactor's volume, a rapid temperature drop occurs, resulting in supersaturated vapors formation. Vapors condensation leads to the nanoscale particles formation. Evolution of nanoparticles granulometric composition occurs in the reactor's volume because of their condensation and coagulation growth. Phase and chemical compositions of nanoparticles can also change. Control of nanoparticles formation is achieved by variation of such operational parameters as plasma jet chemical composition, enthalpy and flow rate; concentrations of reagents in the reactor; and parameters of the reagents injection into the plasma jet. If solid powder is used as raw material, the initial size of the solid particles has significant effect of nanoparticles formation.
During nanoparticles formation in the volume of plasma reactor, they move toward internal cooled surfaces of the reactor. The layer of nanoparticles is formed at these surfaces. The deposited layer evolution is affected by heat flux from the high temperature gas flow inside the reactor. The evolution of nanoparticles in the layer is determined by the temperature distribution and lifetime of the layer, and the temperature distribution depends in turn on the temperature of the cooled surface, the density of the mass flux of the deposited nanoparticles, and the density of the heat flux passing through the layer. Under plasmachemical synthesis conditions the layer thickness, as well as its thermal resistance, are increased in time. The unsteady temperature field in the layer can lead to the time changes of the layer's structure, phase and chemical composition. These changes are due to chemical reactions, phase transformations, and particles sintering. All these changes occur when the temperature in the growing layer increases. To obtain the nanopowder with required specifications, where nanoparticles retain the properties determined by the conditions of their formation in the gas stream, it is necessary to exclude or minimize the possibility of physicochemical transformations in the layer of precipitated particles. It is necessary to prevent the layer's temperature rise above certain threshold values. These values are the temperatures of nanoparticles characteristic chemical and phase transformations, and temperatures related to nanoparticles growth due to their contacts in the layer. Nanoparticles are formed in the plasma process inside the reaction zone, but possible nanoparticles transformations in the growing layer on the reactor's surfaces might change the properties of nanoparticles and become a problem.
This problem is important for the realization of controlled plasma synthesis of nanopowders with given properties.
An unlimited growth of the nanoparticles layer thickness will inevitably lead to an increase in the layer's temperature resulting in the particles sintering and coarsening, as well as possible change in their phase and chemical composition. These effects will be most pronounced for nanoparticles with a low temperature of possible physicochemical transformations, especially for particles with low melting point. Thus, to obtain the nanopowder with required specifications, the nanoparticles physical and chemical transformations in the deposited layer have to be blocked. To achieve this, the thickness of this layer, formed on the stationary cooled reactor's surface, must be limited to a certain value. For particular target nanoproducts, the size of the precipitating nanoparticles, the initial temperature of the deposition surface and the heat flux density from the high temperature stream to the deposition surface will determine this limiting layer's thickness.
Heat transfer to the wall of reactor
The investigations of metal and inorganic compounds nanopowders synthesis included experimental studies of heat and mass transfer in a confined plasma jet reactor [16] .
Following topics were studied: 
physical and chemical properties of nanopowders deposited on the surface in various zones under various process parameters
A cylindrical sectioned plasma reactor with confined jet stream was used. Reactor had diameter and length of 200 and 600 mm correspondently (Figure 1 ) [17] . The length of the sections varied in the range 70-130 mm. DC arc plasma torch with a rated power of 25 kW was used for thermal plasma generation. Nitrogen, hydrogen-nitrogen mixture (22 vol. % H 2 ), and air were used as plasma-forming gases. The synthesized nanoparticles were deposited on the reactor's walls and partially removed with the exhaust gases into the filtration apparatus. Following processes were carried out in the reactor:
• Copper nanopowders production via evaporation-condensation of dispersed copper (raw particles less than 40 μm) in a nitrogen plasma;
• Production of tungsten nanopowders by reduction of dispersed tungsten trioxide WO 3 (raw particles less than 40 μm) in hydrogen-nitrogen plasma
• Production of aluminum oxide nanopowders by oxidation of disperse aluminum (ASD-4, raw particles less than 10 μm) in air plasma;
• Production of multicomponent composition in tungsten-carbon system (W-C) via interaction of dispersed tungsten trioxide WO 3 (raw particles less than 40 μm) with methane in hydrogen-nitrogen plasma.
The reactions underlying these processes differ in thermal effects calculated under standard conditions. Copper evaporation-condensation reaction has a zero thermal effect, the reaction of tungsten trioxide reduction by hydrogen is weakly endogenous (0.5 MJ/kg WO 3 ), and the oxidation of aluminum by oxygen has a strong exogenous character (31 MJ/kg Al).
The experiments were carried out in the following parameters variation range:
It was experimentally observed that when clean (no nanoparticles are present) nitrogen plasma jet enters the reactor, the heat flux density distribution along the reactor's length shows maximum in the attachment region of the high-temperature flow to the reactor wall, which is typical for the separated flows in the channels with sudden expansion. The value of the heat flux density is determined mainly by the plasma flow power at the reactor's inlet and in our experiments it varied in the range 25-45 kW/m 2 . The maximum value of the heat flux density exceeds by 2.5-3 times the values at initial and final sections of the reactor. Distribution of normalized heat flux density, i.e. flux related to the magnitude of the maximum, remains practically unchanged in the whole experimental range of input parameters variation (thermal power, flow rate and enthalpy) (Figure 2A) . The presence of hydrogen in nitrogen practically did not change the heat fluxes values in the reactor. A decrease of the torch nozzle diameter from 10 mm to 6 mm led to the relocation of flow attachment region further downstream from the reactor inlet, and location of maximum wall heat flux changed accordingly.
In experiments when nanopowders of copper, tungsten, and W-C composition were synthesized, it was found that heat flux density distribution along the reactor length also had extremum ( Figure 2B) , as in the case of the flow containing no dispersed particles. But for a two-phase flow (gas + particles) some increase in the heat flux density at the reactor initial sections was observed. This may be due to the radiation from condensed particles to the wall in the highest temperature zone of the reactor. This zone is located at the initial section of the plasma jet.
When aluminum oxide nanopowder was synthesized by oxidation of aluminum powder in air plasma jet, the significant differences in heat fluxes distribution in comparison with other realized processes were observed (Figure 3) . With an increase in raw aluminum powder feed 
Mass transfer to the wall of reactor and formation of particle's layer
In the near-wall region of the plasma reactor, the nanoparticles transfer occurs under conditions when the average size of the nanoparticles is smaller or commensurable with the mean free path of the gas molecules, so the deposition of nanoparticles onto reactor wall from turbulent non-isothermal flow will be determined by the resulting effect of thermophoresis and Brownian diffusion [18] . The performed experiments have demonstrated that the deposited particles distribution along the reactor length has single extremum (Figure 2C) , while the location of the maximum particle mass flux density coincides with the location of the maximum heat flux density. A similar particle flux density distribution is observed for all the studied processes, including aluminum oxide synthesis, where heat flux density distribution could have a bimodal character. The mass flow density is determined by the condensed phase mass concentration in the solid-gas flow, with the maximum value of the mass flow density exceeding by up to 2-3 times the mass flow density at the initial and final sections of the reactor.
For all the processes in the studied parameter variation ranges a high degree of nanoparticles deposition on the reactor surface is observed. The deposited mass is equal to 40-80% of the total Powder Technology mass of synthesized nanopowder. Consequently, the final properties of the produced nanopowders are largely determined by the properties of the product that is precipitated exactly in the reactor. The degree of nanoparticles deposition decreases with increasing of the process duration (thickness of the deposited layer of nanoparticles) and with an increase in the raw materials feed rate (processing rate). It follows from analysis of experimentally found heat flux density distributions and mass fluxes density distributions along the reactor wall that the maximum heat flux position coincides with location of maximum mass flux, where growth of the nanoparticle layer occurs at the maximum rate. The effect of heat flux makes possible nanoparticles transformations such as sintering, chemical interaction with the active gaseous medium, and phase transformations most probable exactly in this region of the reactor internal surface.
The layers of deposited nanoparticles had an extremely low bulk density, equal to 3-8% of the theoretical density. The deposited layers thickness varied from 0.05 to 2.7 mm in the experiments. Sintering of deposited nanoparticles near the maximum heat flux density location was noted only for copper nanopowder, where the melting point of the metal is 1360 K. A slight change in the average nanoparticle size inside the deposited layer along the reactor length is noted for other nanopowders (W, Al 2 O 3 , (W-C)), whose materials have much higher melting point. General list of nanopowder syntheses, performed in confined jet reactor, is given
in Table 1 . Some syntheses (AlN, AlON) were carried out in a combined reactor with disperse raw materials pre-evaporation in a heat-insulated channel followed by gas chemical quenching. 
Particle size distribution and morphology
Granulometric composition is one of the most important nanopowders characteristics, which determines the possibility of their use in solving scientific problems and in practical applications. According to the results of electron microscopy, all nanopowders synthesized in plasma reactor are polydisperse and consist of particles of equiaxial shape (Figure 4) . The presence of nanoobjects with oriented growth forms is not detected. Formation of nanoparticles under the conditions of plasmachemical synthesis occurs through the macro-mechanisms "vapor-liquid-crystal" (VLC), "vapor-crystal" (VC) and mixed mechanism, including a combination of these mechanisms (VLC-VC). Thermodynamic calculations of the nanopowder equilibrium yield as a function of temperature elucidate the mechanism of nanoparticle formation in a particular process.
Suppose that the substance in question exists in the liquid and solid state, and its yield depends on the temperature. Let us determine T* as the temperature corresponding to the maximum yield of the nanoparticle substance, T c as the maximum temperature at which the nanoparticle exists in the condensed state, and T m as the melting temperature of nanoparticle matter. Taking into account the fact that the plasma process occurs at a decreasing temperature initially exceeding T c , the temperature conditions for the nanoparticles formation by the above-mentioned macro-mechanisms can be written as:
mechanism VLC, Т m < Т * < Т c , all particles have a spherical habit (Figure 5a; 4-1; 4-5) ;
mechanism VC, T* < T c < T m , all particles have a faceted habit (Figure 5b, 4-2) ; mechanism of VLC-VC, T* < T m < T c , particles have both spherical and faceted habit (Figure 6c;   4-9; 4-10) .
The VLC mechanism is realized if, under conditions of a decreasing process temperature, the maximum yield of nanoparticle matter occurs at temperatures above the melting point temperature (Figure 5a) . The VC mechanism will determine formation of nanoparticles if the formation occurs at the temperatures below the melting temperature of the nanoparticle matter (Figure 5b) , or the substance does not exist at all in the liquid state.
If during nanoparticles formation temperature is reduced and the substance undergoes crystallization (solidification) before the maximum yield is reached, then nanoparticles formation mechanism changes from VLC to VC, and product will contain both spherical and faceted particles (Figure 5c ). As follows from the microphotographs of the obtained nanopowders (Figure 4) , nanoparticles formation in the realized plasma syntheses can occur through all three of these mechanisms (VLC, VC, and VLC-VC). Under plasma synthesis conditions, all of the above mechanisms took place in the formation of Al 2 O 3 , TiO 2 , Cu, W, TiN, TiCN and W-C composition nanoparticles. The micrographs of the nanopowders were used to construct the histograms of the particle size distribution, and statistical analysis was carried out (Figure 6 ) [19] .
It was established that the lognormal particle size distribution function (PSDF) reliably (with a correlation coefficient of more than 0.95) describes all the objects under investigation over wide range of changes in the granulometric composition of the investigated nanopowders.
In the PSDF formula d is the diameter of the particle, m is the median of the distribution, and σ is the standard deviation. It should be emphasized, that the validity of lognormal particle size distribution was confirmed earlier for the case of nanopowders obtained in the processes where the formation of particles occurs via coagulation mechanism, i.e. VLC [20] . The experimentally established lognormal particle size distribution in the absence of coagulation growth in accordance 
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with [21] can be due to the lognormal distribution of the particles residence time in the growth zone. For the nanoparticles syntheses ( Table 1) where formation of particles occurs through various macro mechanisms, it has been experimentally established that the average size of the nanoparticles increases with increasing concentration of the gas component precursor [22] [23] [24] [25] [26] [27] [28] [29] [30] .
The effect of the plasma process parameters, as well as effect of the characteristic dimensions of the reactor, was studied in Ref. [24] in case of tungsten and nickel nanopowders synthesis by reduction of WO 3 and NiO oxides in hydrogen-nitrogen and propane-air plasmas. It is shown that the average metal nanoparticle size can be affected by the characteristic dimensions of the plasma apparatus, such as reactor diameter and plasma torch nozzle diameter. These parameters determine the dimensions of the high-temperature zone where the nanoparticles formation takes place. The chemical processes, occurring at nanoparticle surface, also could influence the regularities of nanoparticle growth. The results of studies of various nanopowders production in the plasma reactor indicate that the influence of the process parameters on the average particle size is a multifactor problem, where the physicochemical features of the process play significant role.
It was found that the average nanoparticle size depends on the synthesis parameters such as the initial precursor concentration, plasma jet enthalpy and velocity. The individual features of the specific process determine the degree of influence of these parameters. Production of nanoparticles of extremely small size in the confined jet reactor can be achieved only if the initial vapor concentration is significantly reduced or the jet velocity is increased. Reducing the initial concentration results in a decrease in the synthesis productivity, and the velocity increase has certain physical and technical limitations. Controlled change of nanoparticles coagulation growth time in the thermal plasma flow manipulates the size of nanoparticles, formed by the VLC mechanism. Additional channel to control the nanoparticle growth time is fast quenching by cold gas injection. Cold gas injection forces cessation of the coagulation growth after completion of vapor-liquid phase transition.
Distributed radial injection of quenching gas was organized at the periphery of the hightemperature flow in the synthesis of alumina nanopowder by oxidation of a metal powder in air plasma flow [25] . Quenching was carried out at the different distances from the reactor inlet, thus varying the particles residence time in the coagulation growth zone. The change of the injection gas flow rate and the injection position allowed the variation of the average particle size in the range of 35 to 75 nm. The obtained results indicate that confined DC plasma jet reactor is capable to produce wide range of individual elements nanopowders as well as nanopowders of inorganic compounds and composites.
Spheroidization of metal powders
Spherical powders with a particle size of the order of 10 μm are used as starting materials for the manufacture of products from metals and alloys by the additive technologies methods.
Processing of powders with irregular particle shape in thermal plasma flows ensures their fusion, leading to the formation of spherical particles [31] .
Titanium powders (fractions of 40-70 μm and less than 40 μm) were processed in the flow of thermal argon plasma, generated by an electric arc plasma torch. The hydrogenationdehydrogenation process produced raw titanium powders. After plasma processing, the degree of spheroidization has reached 96%. Average sphericity coefficient was equal to 1.01 (Figure 7) .
Experimental studies of the production of nonporous spherical powders of multicomponent metal alloys have been performed. Ultrafine powder compositions of alloy components, having a particle size of less than 1 μm, have been used as raw material. Model high-alloy Fe-Ni-Cr alloy particles were used as example, and spherical alloy powders with particle sizes in the range from 25 to 50 μm were produced.
Powder Technology 16
The process consisted of the following stages: microgranulation of ultrafine powder, heat treatment of microgranules (drying at 100°C, removal of organic binder at 300°C, thermochemical treatment in H 2 at 1000°C, vacuum treatment at 1200°C), classification of heat-treated microgranules with separation of microgranules fraction in the range 25 to 50 μm, spheroidization of the isolated fraction of microgranules in the thermal plasma flow, separation of the micron and submicron fraction. Micrographs of the alloy components microgranules and particles, spheroidized in the plasma flow, are shown in Figure 8 . The presented experimental results indicate the possibility of metallic and alloys powders spheroidization in a confined DC plasma jet apparatus using various initial powder materials.
Conclusion
The presented results of research and development testify to the wide possibilities of plasma processes and devices for obtaining nanopowders of metals and their various inorganic compounds with specified properties. The nanopowders, produced in the plasma reactors, were used in various R&D projects aimed at creation of new materials with special and improved properties. Along with the production of nanopowders, the same plasma reactor with confined jet provides the possibility of metal and alloys powders spheroidizing for their application in additive technologies. The accumulated experience is the basis for the creation of efficient industrial production of powders using plasma reactors based on DC arc plasma torch.
